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SP21 MEMS 411 Mechanical Engineering Design Project
Lift Demonstration
A portable lift demonstration was requested to get children interested and thinking about what
happens with fluid movement. The demonstration had size and weight requirements, which were
both met. Accuracy of lift force representation was not requested, but simple force and flow
visualizations were required. The demonstration had variable wind speeds, and showed the change
in force with change in angle of attack. A NACA 2412 airfoil was 3d printed and used for the lift
and flow visualizations. The NACA 2412 airfoil was chosen since its flight characteristics are well
known. The sensitivity of the force sensor determined the rest of the characteristics of the
demonstration. The size of the wind tunnel, airfoil, fan, and wind speed needed was optimized
around the force sensor performance. The total cost of the wind tunnel was around $200, and the
prototype met most of the performance goals. The only goal not entirely met was the lift force
visualization due to our inability to set the force range display for the arduino. We were getting
the expected readings from the arduino but we had difficulty adjusting the sensitivity range to get
the corresponding brightness for the led light. The overall length of the prototype was about 3.5
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1 Introduction
Two main components of mechanical engineering are comprised of fluid movement and heat
transfer. Every mechanical device on planet earth interacts with a fluid andor generates heat. In
the 21st century one of the most convenient modes of travel was air travel (before covid). The quest
to improve the efficiency of air travel will never end. Flight in this sense would never have been
possible without an understanding of Lift. The lift phenomena allows us to maintain and control
flight, which means we can use the same vehicle multiple times.
There are a few lift demonstrations on airfoils, but most of these demonstrations are old videos
showing the streamlines of the fluid. The client would like to see a portable lift demonstration that
shows the pressure distribution. The product should be reusable and transportable, something that
could be brought into different locations to show how lift occurs. The primary goal of the demon-
stration is to provide a visualization the pressures and whats happening on the airfoil. Visualization
spark curiosity easier than long textbook descriptions.
2 Problem Understanding
2.1 Existing Devices
A few devices exist to demonstrate various flight characteristics. The general focus of these
devices is to observe the affects of aerodynamics on a body.
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2.1.1 Existing Device #1: Flight Demonstration Wind Tunnel
Figure 1: Flight Demonstration Wind Tunnel (Source: Tecquipment Academia)
Link: https://www.tecquipment.com/flight-demonstration-wind-tunnel
Description: The flight demonstration wind tunnel is designed for the classroom to help students
observe different fixed wing aircraft behaviour. The wind tunnel features a model aircraft suspended
in the tunnel on an open circuit. Which means, the aircraft can move and adjust pitch to show
different flight characteristics such as landing, take-off, and flight. The device features a column for
pitch adjustments of the model and a throttle to adjust the speed of the airflow. The unit itself is
large and comes with its on wheeled table.
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2.1.2 Existing Device #2: Science First Wind Tunnel With Airfoil





Description: Miniature wind tunnel designed to show lift force generated by airfoil. This unit is very
small and portable, it is about the size of two shoe boxes. The airfoil is coupled with an electronic
balance, which can provide a digital reading that demonstrates ”the apparent weight of the airfoil
decrease with lift.” This device requires additional purchases of a digital scale, power supply, and
source of smoke.
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2.1.3 Existing Device #3: The other thing
Figure 3: Subsonic Wind Tunnel (Source: Development of the HTV-3X)
Link: http://www.aerorocket.com/HTV-3X.html
Description: 7 by 10 by 16 inch subsonic wind tunnel designed specifically for observing flight
characteristics of the HTV-3X. This device is not portable, it is built on its own stand alone
structure. This is a suction wind tunnel which means the fans are placed after the observation
tunnel. This device is powered by two 1/3 horsepower fans. A pitot static tube is used to measure
the difference between static and dynamic pressure in the test section.
2.2 Patents
2.2.1 Patent 1: Airfoil design to increase lift and efficiency of wind design on aircraft.
Very similar to the standard airfoil used by commercial aircraft today. Designed
to compete with NACA 4412 airfoil design.
(US2348252A)
This patent combines knowledge and understanding of the time (1940) to improve on the NACA
4412 airfoil. Patented design increases range, stability, and efficiency over previous designs. This
airfoil design detailed the effectiveness of increasing camber to increase lift. The NACA 4412 airfoil
provides a base of experimental values to base the design of the wind tunnel off of. NACA patents
allow us to model and accurately predict the lift expected under certain conditions.
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Figure 4: Patent Images for an efficient airfoil.
2.2.2 Patent 2: Static force balancing attached to a lifting body in wind tunnel
(US3695101A - NASA).
This patent uses a piston in a cylinder to gauge lift and drag forces on an aerodynamic body. The
forces generated by the body drive the piston up or down in the cylinder, changing the pressure in
the air chambers on either side of the structure. Resistance to travel can be increased by increasing
pressure in the air reservoirs.
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Figure 5: Patent Images for static force balancing system to show counter lift forces in wind tunnel.
2.3 Codes & Standards




Description: This guide documented by NASA contains criteria for design, mechanical analysis,
and quality assurance of a wind-tunnel system. Specifically, the guide includes the list of standards
that the wind-tunnel model must abide by. It also provides information on the type of structural
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analysis that must be performed on the model such as stress, fatigue, fracture, and thermal analysis.
Since we are building a wind tunnel that the airfoil will be placed in, this code will be referenced to
understand specific requirements that we must be aware of when designing and making our wind
tunnel.
2.3.2 The NACA Airfoil Series
Link: https://web.stanford.edu/~cantwell/AA200_Course_Material/The%20NACA%20airfoil%
20series.pdf
Description: This documentation provides specifications for the design of an airfoil for NACA
aircraft or similar airfoils. Specifically, the guide contains mathematical formula for the geometric
construction of the airfoils. It also includes the advantages and disadvantages of each airfoil design in
order to select the airfoils based on desired performance. For our design, we can use the specifications
to create an airfoil that highlights our design need that is to study lift and pressure differential as
the angle of attack is varied.
2.4 User Needs
User needs were specified in the customer interview. The client presented a portable wind tunnel
that could grab the attention of children and adults would be ideal. The wind tunnel should also
be transportable by one person, and the accuracy of the lift measured was not of high priority.
2.4.1 Customer Interview
Interviewee: Dr. Emily Boyd
Location: Zoom
Date: February 5th, 2021
Setting: We consulted the customer to learn what demonstrations were already available and in
practice. Discussed different methods to make the demonstration understandable and easily ob-
servable.
Interview Notes:
What devices demonstrate lift forces?
– There are a few other devices that are used to better understand lift for undergrad courses.
These devices are not usually portable and are not suitable for users of limited knowledge.
– These devices typically use pressure taps on the top and bottom of the airfoil to provide
accurate measurements. The wind speeds and materials needed to design a wind tunnel with
pressure tap measurements are usually very large and very heavy.
What are the current likes and dislikes of the product?
– Something more portable would be ideal. Something that could be carried in and set on desk
for people to observe. A device that could be demonstrated at a science fair or in a class
room.
– Ideal device would be simple enough for children to look at and understand (spark interest).




– The wind tunnel should fit on a table or desk. The product must be transportable by one
person alone. Must fit in the back of a standard sedan for transportation (assembled or
dissembled).
2.4.2 Interpreted User Needs
Interpreted customer needs based off information provided during the interview. 5 marking the
utmost importance, 0 signifying no importance.
Table 1: Interpreted Customer Needs
Need Number Need Importance
1 Easy to transport 4
2 Simple Visualisation 5
3 Robust or sturdy 4
4 Shelf Life 5
5 Accuracy of pressure or force differentials 2
6 Safe for children 5
2.5 Design Metrics





Metric Units Acceptable Ideal
1 1,3 Total weight kg 15 8
2 2 Rating of “visual” by class focus group avg. score > 3/5 5/5
3 3,4 Part life length time (hr.) > 5 > 15
4 5 Show pressure or force differential binary Pass Pass
2.6 Project Management
The Gantt chart in Figure 6 gives an overview of the project schedule.
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Figure 7 - Fig. 9 below shows the mock prototype constructed for the lift demonstration. The
wind tunnel was modeled using a cardboard box. The airfoil was made out of paper and was placed
inside the tunnel by attaching it to a thin wooden stick. This stick was held together on the tunnel
using putty glue and it acted as an angle of attack (AoA) shaft. Finally, the fan used to produce
wind inside the tunnel was made out of paper. From the prototype, we learned that the AoA shaft
must be attached such that it only changes the angle of attack without rotating the airfoil. We also
learned that the airfoil would experience appropriate lift and drag only if the tunnel is properly
sealed and if fan is the only source of air flowing into the tunnel.
Figure 7: Mock Prototype of Lift Demonstration.
Figure 8: Mock Prototype of airfoil using paper
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Figure 9: Mock Prototype of the fan
3.2 Functional Decomposition
Flow chart outlining key features of the lift demonstration. Focuses on functional aspects of that
must be incorporated in all concept designs.
When turned on demonstrate lift generated on a body
Interfaces
User interface for angle of attack






Obtain proper wind speeds
Normalize fluid flow
Ensure safety of all users
Figure 10: Function tree for lift demonstration for the science center.
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3.3 Morphological Chart
Figure 11 below shows the morphological chart created to analyze functional aspects of the lift
demonstration independently in order to develop various design concepts.
Figure 11: Morphological Chart for the Lift Demonstration
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3.4 Alternative Design Concepts
3.4.1 Lift Demo Draft Number 1 (Demo Draft Number 1)
Figure 12: Preliminary sketches of the lift demonstration. Focuses on geometery, fan orientation, and fan options.
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Figure 13: Final sketche of the first Lift Demonstration for science center.
Description: A lift demonstration that utilizes a small clearance gap to induce a force on resistors.
Lift and drag force should induce a normal and tangential component of force, a small clearance will
allow a structure to press against force sensors. The angle of attack of the airfoil can be changed
by twisting a rod fixed to the airfoil. The design features a rectangular structure that tapers to
a cylindrical housing to fit an RC plane turbine. All electronics should be able to mounted to
the body structure. Screen will be placed at the inlet and outlet to prevent children from sticking
things into the wind tunnel, an additional screen will be inserted before the airfoil in an attempt to
normalize fluid flow.
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3.4.2 Lift Demo Draft Number 2 (Demo Draft Number 2)
Figure 14: Preliminary sketches of the second Lift Demonstration for science center.
Description: The lift demonstration shown in Fig.14 uses an airfoil constructed using typical NACA
Specification shown in Fig.5. The airfoil is placed into a wind tunnel made using a wooden box.
Lift and drag is produced by the air flowing through the tunnel from the fan. Piezoelectric force
transducers are used to measure the lift and drag components on the airfoil. An Arduino is attached
on the airfoil to change its angle of attack (AoA). All the wires and sensors will be enclosed within
the wooden tunnel in order to prevent children from playing with the electric wires and to avoid
risks of electrocution. The front view of the wooden tunnel will be carved out and replaced with a
clear film for clear visualization of the airfoil.
3.4.3 Lift Demo Draft Number 3 (Demo Draft Number 3)
Figure 15: Preliminary sketches of the third Lift Demonstration for science center.
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Description: This lift concept demonstrates how one could measure the pressure and visualize flow
over an airfoil in a wind tunnel. More specific, this demo focuses on how the changes in the angle
of attack can affect the pressure gradient. As the angle of attack increase the suction at the peak
on the upper surface larger which results in the pressure gradient growing as well. At some value of
angle of attack, the pressure gradient on the airfoil upper surface becomes strong enough to create a
boundary separation. In order to measure the pressure distribution across the airfoil static pressure
taps can be implemented as small holes on the surface of the airfoil. The pressure taps on the airfoil
are located on the upper and lower surfaces in the chordwise direction at mid-span. A pressure
transducer is a device that converts a pressure to a quantity that may be readily measured. For
example, a traditional U-tube manometer is a pressure transducer, where the pressure difference is
interpreted as the height of a column of the liquid. In the lift demo the pressure transducers will
be electronic pressure transducers that use the deformation of a diaphragm or similar structural




The Analytic Hierarchy Process (AHP) was utilized to select the best concept for the Lift Demon-
stration. This process uses pairwise comparisons and it allows one to easy visualize the weights
produced for each criteria. For the lift demo we have five criteria: Visualization, Safety for children,
Shelf life, Portability, and Accuracy. The AHP process and weight percentage for each criteria can
be found below in Fig.16.
Figure 16: Analytic Hierarchy Process (AHP) to determine scoring matrix weights
4.2 Concept Evaluation
The three Lift Demonstration concepts were evaluated using the Weighted Scoring Matrix (WSM).
The airfoil used in Concept 1 is robust and relatively lightweight. Therefore, it ranked the highest
on ’Shelf life’ and second highest on portability. However, the pointy end of the airfoil and exposed
wiring of the sensor makes it unsafe for children. Additionally, the pressure sensor does not record
small pressure differentials. So, the lift measurement is not accurate.
Concept 2 uses a Plexiglas to make the wind tunnel, so the demonstration on the airfoil would be
clearly visible ranking it highest on visualization. This concept has multiple screens and enclosures
to prevent kids from putting their fingers into the fan blade or the tunnel. So, it ranked very high
on safety for children. Similarly, this concept has a long shelf life and would be easily portable.
However, the pressure sensitive resistor would not give accurate lift readings.
Concept 3 uses wood to make the wind tunnel casing due to which it would have a high shelf life
and portability. However, since the airfoil would be enclosed inside the wooden box, the demonstra-
tion would be difficult to visualize. The force sensors used in this concept only reads large amount
of lift which would not be possible to produce using a small fan. Therefore, the accuracy of lift
measurement would be extremely low.
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Figure 17: Weighted Scoring Matrix (WSM) for choosing between alternative concepts
4.3 Evaluation Results
The evaluation suggests concept 2 would be the most practical based on the customer needs.
This concept uses a similar wind tunnel geometry as concept 3. This key difference is the lift
force observation method. Concept 2 uses a clearance fitted square key with pressure sensitive
resistors. The square key will allow the lift force to compress the pressure sensitive resistor, which
will reduce the resistance in the circuit. The higher the pressure the lower the resistance reading.
This method of lift measurement was simpler than drilling pressure taps which would have required
precise machining. Concept 3 was limited by its visualization method. The mounting would have
made it difficult to adjust the angle of attack. Concept 2 safety could be further increased by
minimizing hole sizes in the mesh screens guarding the inlet and outlet. Concept 2 shelf life was
the deciding factor between concept 1 and concept 2. The pressure taps are very sensitive and any
debri in the wind tunnel or in the pressure lines could lead to damage. Concept 2 and concept 3
had very similar wind tunnel structures and force measurements which provided similar shelf life
expectations. Over all concept 2 provided the most well rounded solution to the customers requests.
4.4 Engineering Models/Relationships
Engineering Model 1: Athena Vortex Lattice (AVL) Method.
The Athena Lattice Vortex is a program used for flight-dynamic and aerodynamic analysis of
rigid aircraft of arbitrary configurations. This model can be used to determine the lift and drag
coefficients on an airplane along with other analysis of general nonlinear flight conditions.
Engineering Model 2: Lift Force and Angle of Attack.
The engineering model of lift and angle of attack is directly applicable for this Lift Demonstration
project because its primary objective is to demonstrate the lift produced by an airfoil and how it
varies with the angle of attack.
When air flows past an airfoil, it exerts a downward force called lift. The mathematical definition







where Flift is the lift force, CL is the lift coefficient, ρ is the density of air, U is the velocity of air,
and A is the area of the airfoil. Angle of attack (AoA) is defined as the angle between the axis of
the airfoil and the upstream flow. When AoA is increased, the pressure differential increases in the
direction of the flow resulting in a decrease in lift. Since we are manually changing the AoA in the
Lift Demo, this engineering model provides a hypothesis that the lift must decrease as we increase
the angle of attack.
Engineering Model 3: Conservation of Mass.
Conservation of mass states that mass cannot spontaneously appear or disappear. The primary
principle in wind tunnel design is conservation of mass, this model provides an estimation of the
wind speeds in the tunnel. Wind tunnels typically have a large inlet and outlet and converge near
the center to reduce area. This reduction in area increases the velocity of the air by conservation
of mass.
ṁin = ṁout (2)
ρA1V1 = ρA2V2 (3)





Where ρ is the density of air. Since we are dealing with subsonic flow we can consider air to be
incompressible which allows the density term to cancel out. A denotes area and V denotes velocity.
Algebraic manipulation yields one velocity as a function of area ratios times the second velocity.
5 Concept Embodiment
5.1 Initial Embodiment
The initial embodiment below is outlined by the cad drawings. Drawing were not dimensioned to




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 20: Wind tunnel test section assembled and dimensioned.
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5.2 Design Rationale
In order to design a wind tunnel that could generate a sufficient amount of lift on an airfoil we had
to implement different engineering expectations and models. For the material of the test section,
we decided to use Plexiglas because it allows for good visualization and portability. We also wanted
to ensure that the material we selected would be easier to create smooth edges for children’s safety.
Inside the test section is an airfoil that resembles the NACA 2412 airfoil with altered dimensions.
We decided to create an airfoil with a wingspan of 4 inches and a chord length of 4 inches. The
camber of an airfoil affects the amount of lift that could be generated thus we wanted to ensure
that the airfoil be more symmetrical. The flow straightener consists of a passage of ducts that
straightens the flow of the air in the wind tunnel. The device (fan) that was chosen to supply the
air was selected based on the amount of lift it could create. The fan that we settled on is an 8 inch
duct fan (735 CFM) which provides three different flowrates with 20 m3/s being the highest. We
are certain this fan will provide enough speed for lift generation based on the analysis of lift force
which depends on the area of the airfoil, the speed of the fan, and other fluid mechanic properties.
The air duct was implemented to remove the air while the diffuser was used to minimize the losses
in the tunnel. The sensor contact was created for two reasons: to contact the force sensor and to
also provide an insert for the rod that will control the angle of attack. The access port is exactly
what the name says since it is used as the location for accessing the parts on the inside of the test
section (i.e., Airfoil). The force sensor chosen for this lift demonstration was a BLAH sensor, and it
was selected based on the amount of force it can detect, especially for a low speed tunnel operation.
The breadboard and the Arduino were chosen to be in connection with the force sensor because the
Arduino required a simple code and set-up for detection of the lift forces. The right angle brackets
were simply chosen to hold the placement of the sensor contact and the parts attached to it.
5.3 Proofs-of-Concept
The initial prototype for the lift demonstration was constructed using the design rationale men-
tioned above. Fig. 21 below shows the initial prototype of the wind tunnel that consists of a test
section created using plexiglas, with the 8 inch duct fan used to create airflow housed on its left
end. The flow straightener, that is supposed to be on the right end of the test section was not built
for initial prototype. Different speeds on the fan was tested for the setup shown below to ensure
that enough airflow would be produced to generate observable lift force on the airfoil. Similarly,
the size of the overall wind tunnel was measure to ensure that it was less that 6 feet long and 3 feet
wide to meet the portability goal.
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Figure 21: Initial prototype of the wind tunnel with fan and test section.
Additionally, from the design rationale above, we 3D Printed a NACA 2412 airfoil with wingspan
of 4 inches and chord of 4 inches. Figure 22 below shows a picture of the 3D printed airfoil.
Figure 22: 3D Printed NACA 2412 airfoil with 4in wingspan and 4in chord.
Finally, we built a simple circuit with force resistor in series with an LED light bulb to create a
visual demonstration of lift. Fig. 23 shows the circuit connection for the force resistor and Fig. 24
shows that when pressure is applied to the force sensor, the LED bulb is lit up.
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Figure 23: Force resistor circuit with Arduino.
Figure 24: Force resistor circuit when pressure is applied.
For the final prototype, this force sensor circuit will be attached to the sensor contact piece,
mentioned in Section 5.2 above, which in turn is attached to the airfoil. Therefore, whenever the
airfoil generates lift force, the contact sensor pushes against the force sensor and this pressure will
cause the LED bulb to light up.
6 Design Refinement
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6.1 Model Based Design Decisions
Many design decisions were made based on the engineering model. The engineering model that
determined the size of the wind tunnel, the airfoil, the fan, and the speed within the wind tunnel
was conservation of mass.
6.1.1 Decision #1: Choice of Force Sensor
The first thing considered was the precision of the force sensor that could be purchased in the
price range. The main user need for this project was visualization of lift. Therefore, at least 1N of
life force was desired in order for the force sensor to detect and display the force. From this force
range, we chose to use Adafruit force resistor to display the lift on the airfoil because it is very
sensitive and can detect small amount of force.
6.1.2 Decision #2: Choice of Fan and Wind Tunnel Size
As mentioned above, the demonstration needed to produce at least 1N lift force. This value
was used to determine the minimum velocity needed to measure a lift force with our mechanism.
Analysis of the force suggested that 20 m/s with a 4 inch airfoil would produce more than 1N of
lift force. A simple area reduction of 1/2 would be easy to construct since the dimension reduction
would be straight forward. This meant that we would need a 10 m/s flow rate at the fan. A search
of fans under $100 suggested the best solution would be a high flow rate duct fan. A flow rate
of 735 ft3/m would provide roughly 10 m/s second at the fan. The velocity in combination with
conservation of mass was used to determine the size of the wind tunnel and the fan needed. From







6.1.3 Decision #3: Choice of the Airfoil Size
Similar to the wind tunnel and fan size, the dimensions of the airfoil was determined by using
the force range and the velocity of the fan. In order to produce a 1N lift with 20 m/s upstream air






6.2 Design for Safety
In order to ensure that the lift demonstration is safe to use, many possible risks were evaluated.
The three possible risks associated with the lift demonstration are discussed below.
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6.2.1 Risk #1: Loud noise from the fan
Description:
One of the main components of the wind tunnel is the fan. During the demonstration, the fan
produces loud noise that is propagated through both ends of the test section. This noise produced
by the fan can be generally disturbing, but it has greater health effects to people who struggle with
noise sensitivity and are triggered by loud noises.
Severity:
The severity of health effects due to loud noise varies with different people and their condition.
Typically, the noise produced by the duct fan causes marginal health effects such as triggering noise
related psychiatric condition or annoyance.
Probability:
The probability of the wind tunnel producing a loud noise is very high and is well expected.
However, the probability of people who will be affected by the noise depends on people and is
subjective. Therefore, noise mitigation tactics must be placed.
Mitigating Steps:
The simplest way to ensure that this risk is mitigated is by making earplugs available to people
who are sensitive to loud noises.
6.2.2 Risk #2: Objects inserted into the fan
Description:
The back of the fan used in this lift demonstration is exposed. Therefore, there is a possibility
that people try to stick objects or their fingers into the fan and can cause critical damage to both
part and the viewer.
Severity:
The consequences of sticking an object into the fan can be critical. The object could cause the fan
blade to break and consequently smash the test section. People could hurt themselves by coming
in contact with broken Plexiglas (test section) or broken blades. Additionally, if people try to stick
their fingers into the fan, it has a possibility of cutting their fingers.
Probability:
Since the main customers of the St. Louis science center are children, it is highly likely that they
will try to stick objects or finger into the back opening of the fan.
Mitigating Steps:
In order to circumvent this risk, a big, clear sign will be placed next to the demonstration that
says “Do Not Touch The Demo”.
6.2.3 Risk #3: Risk of fan causing fire
Description:
The fan could cause fire due to locked rotor condition. In this condition, if the blades of the fan
stop spinning due to any damage, the motor would still continue to rotate to spin the blade which
causes the motor to overheat and catch on fire. This is typically caused in old fans, dirty fans, or
when things are stuck inside the fan to prevent the blades from rotating.
Severity:
The fire caused from the fan can result in catastrophic outcomes especially if the fire goes unde-
tected or unattended. It can cause physical damage to people, destroy the wind tunnel, and finally
30
can cause greater damage to the science center.
Probability:
If the fan is maintained, cleaned, and replaced when it is old, the likelihood of it catching on fire
is low.
Mitigating Steps:
The main mitigating step that needs to be taken is that the fan must be routinely cleaned.
However, it will be ensured that fire extinguisher is readily available near the viewing area of the
science center as a precaution.
6.3 Design for Manufacturing
There is currently 12 parts to our design, with an additional 2 threaded fasteners and 4 washers.
The theoretically necessary components are as follows:
• Duct Fan: must be a separate piece to remove debri that enters that wind tunnel and to utilize
area ratios to maximize wind speed in the wind tunnel. Is essential to life demonstration
because this is our source of fluid movement.
• Wind tunnel test section (comprised of 4 Plexiglas rectangles). Theoretically necessary be-
cause this is the structure that defines the area ratio and allows control of the fluid movement.
• Airfoil with angle of attack (AoA) adjustment rod
• Sensor contact: This piece travels vertically, pushing the sensor against the support to indicate
an increase or decrease in lift force. This cannot be connected to other components or the
contact would not have the freedom of movement to contact the sensor.
• Breadboard and Arduino, plus additional electrical components
• 3 sensor contact supports: These provide support for the sensor contact and prevent movement
of the airfoil. These supports also provide the counter force needed to measure the lift force
from the sensor contact.
The three sensor contacts could be 3d printed and designed as one piece that fits over the sensor
contact. This reduce the TNC’s and reduce the threaded fasteners and washers currently used to
support the contact. Figure 25 is a picture of the current design, and Figure 26 shows the proposed
solution to reduce the TNC’s.
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Figure 25: Image of the current support structure, detailing the location of the screw and washers to prevent contact
support from backing out of location.
Figure 26: Sketch of contact support redesign to reduve TNC.
The wind tunnnel test section could be reduced to two pieces instead of the current four. With the
proper tools a wide section could be heat molded into the specified design size. This would reduce
the the wind tunnel structure to two pieces and reduce the amount of glue needed to construct the
test section. Originally, the airfoil was a single piece by itself, and the AoA adjustment rod was
meant to attach to the airfoil. We reduced this into a single component for 3d print. Figure 27
shows the airfoil rod combination used and implemented in the design.
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Figure 27: 3d image of airfoil and rod as one 3d printable piece.
6.4 Design for Usability
6.4.1 Vision Impairment
I think it is very interesting that vision impairment came up for my group, especially since we
were given suggestions by our customer to utilize colors to distinguish between the different pressure
differentials for our demo. More specifically, we were given the idea that we could use colors to detect
the pressure differential on the airfoil. This suggestion was given to make it more user-friendly and
just easier to understand as someone viewing the demo.
6.4.2 Hearing Impairment
A great factor to consider for our design especially since we are building a wind tunnel is hearing
impairments. Wind tunnels are known for causing large gusty winds with high forces which could
be very damaging for anyone. Most of this wind is generated by a loud fan which could also cause
ear damage. We would recommend wearing earmuffs or earplugs while viewing the demonstration.
6.4.3 Physical Impairment
For the user, our design involves rotating a bar or the arm to change the angle of attack for the
airfoil which would be very easy to do. However, we could create the arm and add a soft adjustable
cushion around the handle for each user and make sure a lot of force does not need to be applied
for movement of the rod.
6.4.4 Control Impairment
We will create the demo where the only user device is the rod that changes the angle of attack.
The rod will be able to rotate between 0 and 180 degrees, this way no damage would be caused
to the customer or the device from control impairment. Also, we recommend not using the device
while experiencing any fatigue, or while on medications.
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7 Final Prototype
7.1 Prototype Goal 1: Lift on Airfoil
To show lift on the airfoil we bought a force sensor shown below in figure 28. Specifically, we
connected the force sensor to an Arduino which was used to record lift. As shown in the figure,
the force sensor is attached to the top of the sensor contact (gray 3-D printed box with rod) and
a wooden rectangle was fixed on top of the sensor. The sensor contact pushes on the force sensor
when the airfoil experiences lift which can be seen through LED lighting up (shown in figure 29)
and the values of lift can be seen on the computer screen using the Arduino IDE application (not
depicted). Overall, we were able to see the lift on the airfoil as we changed the angle of attack,
however, the force sensor range was very sensitive which made it hard for the LED light to show
accurate depictions of the lift we detected.
Figure 28: Photo shows how the force sensor was mounted to detect lift on the airfoil.
Figure 29: Photo shows the circuit set-up to detect lift with LED light.
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7.2 Prototype Goal 2: Flow Visualization
One of our prototype goals included showing the change in flow over the airfoil. In order to show
the different flow regimes effectively, we added a flow straightener and we attached small pieces of
yarn on to the top of the airfoil as shown in figure 30. The idea was that as the flow changed from
between laminar and turbulent, we would be able to visualize that flow from the changes in the
yarn. In fact, when the flow was laminar, the yarn remained straight and when the flow became
turbulent we saw that the yarn strings were dancing and there was a lot of movement which is
what we expected. Therefore, this prototype goal was achieved and presented as we expected for
the demo.
Figure 30: Shows the change in flow on the airfoil.
7.3 Prototype Goal 3: Dimensions
The third performance goal was to ensure that the final prototype was less than 6 feet long and 3
feet tall. In order to remain within this length, the flow straightener was directly placed at the end
of the test section without placing an air duct. The final prototype was measured to be X feet long
and X feet tall as shown in Figure 31 and Figure 32 below. Therefore, the dimensions prototype
goal was met successfully. Lastly, the final prototype of the lift demonstration is shown in Figure
33 below.
Figure 31: Measurement of the length of the prototype
Figure 32: Measurement of
the height of the prototype
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Figure 33: Final Prototype with everything connected.
8 Discussion
8.1 Project Development and Evolution
Does the final project result align with its initial project description?
– The final project roughly resembles the initial project description. We wanted to create a
lift demonstration that would interest children and get them thinking about what is going
on when planes fly. We designed a prototype that would certainly interest kids and get
them curious, but there are few details that would need to be ironed out to make it really
impact product. The force visual (led light) would need to be calibrated properly, and maybe
improved to create a more distinct visual, for example adding a light bar where the number
of lights on increases with force. The addition of a force sensor that kids could push on to
compare the hand strength to lift force would really make the project interactive and fully
detail the project description.
Was the project more or less difficult than expected?
– A combination of both. Some aspects were much easier than anticipated and others were
more difficult. For example, there was some pre-written arduino code that made using the
arduino a lot easier and saved us a lot of time. The physical mounting of the airfoil the way
we designed it was much more difficult than anticipated. We had some issues getting the
supports to adhere to the plexiglass surface which delayed the process a little bit.
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On which part(s) of the design process should your group have spent more time? Which parts
required less time?
– We should have spent more time developing the airfoil mount and ensuring forces would be
transferred properly. We should’ve spent less time worrying about arduino code and used
that time to develop the structural supports.
Was there a component of the prototype that was significantly easier or harder to make/assemble
than expected?
– The wind tunnel was much easier to make than expected. A couple of wooden rigs and hot glue
really did the trick. Also scoring long pieces of plexiglass was much easier than anticipated.
The overall design was a little more difficult to assembly because how we mounted the airfoil.
Required a lot of time finessing to get it to sit properly.
In hindsight, was there another design concept that might have been more successful than the chosen
concept?
– That depends on what aspect of the design we look at. There are a lot of proven methods to
measure lift, but they come at a cost, so the more accurate and reliable methods may be out
of the price range. In terms of the wind tunnel structure the simplest option appears to be
the best option, maintaining the rectangular shape.
8.2 Design Resources
How did your group decide which codes and standards were most relevant? Did they influence your
design concepts?
– Our group decided to use the NACA airfoil series standards because it provided crucial in-
formation about the dimensions and coefficient of lift required to create the airfoil for our
demonstration. We did not use the wind-tunnel model system criteria because it provides
standards for a big pressure vessel and our wind tunnel was very small in size to adhere to
those standards.
Was your group missing any critical information when it generated and evaluated concepts?
– When the lift demonstration concept was first generated, we did not have many critical infor-
mation such as the speed of the airflow, the amount of lift needed to be generated so that the
force sensor could detect it, etc. Nonetheless, upon further research and basic lift analysis and
calculation, we were able to find most of these quantities. However, the critical information
regarding the airflow such as the calculation of the Reynolds number was missing during the
evaluation of the concept.
Were there additional engineering analyses that could have helped guide your design?
– Yes, there were additional engineering analysis that could have helped improve our design.
Firstly, the analysis of the change in speed of airflow when it’s going through the flow straight-
ener could have helped us make better decision on the type of fan we chose. Similarly, the
knowledge about the surface roughness of the 3D printed airfoil would help us attain an accu-
rate measurement of the lift by taking friction losses into account. However, the significance
of the accuracy of lift measurement was ranked low based on our customer needs.
If you were able to redo the course, what would you have done differently the second time around?
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– If the course was redone, we would first come up with an in-depth list of information that we
would need to evaluate the design concept. Then, we would set clear goals and generate an
organized timeline to achieve said goals. Additionally, we would spend more time on getting
the airfoil and arduino circuit system to work rather than on the assembly of the wind tunnel
system.
Given more time and money, what upgrades could be made to the working prototype?
– If more time and money were provided, we would replace all clamps and duct tapes used
in the final prototype with better fixture options. Similarly, we would spend more time on
understanding the arduino code and how it could be altered such that the force resistor only
read forces above a certain amount. This would in turn result in a better reading of the lift
produced on the airfoil.
8.3 Team Organization
Were team members’ skills complementary? Are there additional skills that would have benefited
this project?
– Overall, every team member had a great amount of knowledge about the project and the
steps needed to construct the wind tunnel. However, since most of knew very little about
implementing an arduino, we struggled with creating a code to get it to work. Nonetheless,
we were able to put our heads together to get it to work as we wanted. This projected could
have benefited if someone was more familiar with the use of an arduino and the sensitivity
range of force resistors.
Does this design experience inspire your group to attempt other design projects? If so, what type of
projects?
– This design experience was only the beginning for all of us. We all are passionate about some
aspect of aerospace engineering whether that is the aerodynamics, the flight mechanics or the
propulsion aspect. With that in mind, there are many different types of projects that each of
us could go off to create and start but none of them will bring the same challenge as this one
did.
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